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Rises in local neural activity trigger local increases of cerebral blood
flow, which is essential to match local energy demands. However,
the specific location of microvascular flow control is incompletely
understood. Here, we used two-photon microscopy to observe
brain microvasculature in vivo. Small spatial movement of a three-
dimensional (3D) vasculature makes it challenging to precisely mea-
sure vessel diameter at a single x-y plane. To overcome this problem,
we carried out four-dimensional (x-y-z-t) imaging of brain micro-
vessels during exposure to vasoactive molecules in order to constrain
the impact of brain movements on the recordings. We demon-
strate that rises in synaptic activity, acetylcholine, nitric oxide, cy-
clic guanosine monophosphate, ATP-sensitive potassium channels,
and endothelin-1 exert far greater effects on brain precapillary
sphincters and first-order capillaries than on penetrating arterioles
or downstream capillaries, but with similar kinetics. The high level
of responsiveness at precapillary sphincters and first-order capillaries
was matched by a higher level of a-smooth muscle actin in pericytes
as compared to penetrating arterioles and downstream capillaries.
Mathematical modeling based on 3D vasculature reconstruction
showed that precapillary sphincters predominantly regulate capil-
lary blood flow and pressure as compared to penetrating arterioles
and downstream capillaries. Our results confirm a key role for pre-
capillary sphincters and pericytes on first-order capillaries as sensors
and effectors of endothelium- or brain-derived vascular signals.

pericytes | vascular smooth muscle | arterioles | capillaries | neurovascular
coupling (NVQ)

ariations in neuronal activity trigger robust changes in brain

metabolism and perfusion. This relationship is exploited by
functional neuroimaging techniques that use changes in cerebral
blood flow (CBF) or the blood-oxygenation-level-dependent signal
to track brain function (1). The structural basis for local CBF
control is the neurovascular unit, which comprises neurons, as-
trocytes, vascular mural cells, endothelial cells, and components
of the extracellular matrix (2-4). The term “neurovascular cou-
pling” (NVC) denotes the robust regulation of CBF that accom-
panies changes in brain activity in order to match energy demands.
Disruption of NVC is a key characteristic of neurologic diseases,
e.g., Alzheimer’s disease (5), stroke (6) and subarachnoid hemor-
rhage (7). Therefore, there is an urgent need to understand NVC
mechanisms.

Vascular smooth muscle cells (VSMCs) encircle brain arteries
and arterioles, representing a key mechanism of cerebrovascular
resistance, and pericytes on adjacent capillaries may serve a similar
regulatory function (8, 9), but this is incompletely understood.
There is an ongoing debate in the field about how to distinguish
pericytes from VSMCs and precapillary arterioles from capillaries.
Particularly, vascular mural cells demonstrate distinct phenotypes
at different capillary locations, with respect to transcriptomes and
morphologies (S Appendix, Fig. S1) (10-12). In this study, we used
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the unbiased, unambiguous vascular branch order as a backbone
to identify the specific location of microvascular control. More-
over, small spatial movement of a three-dimensional (3D) vascula-
ture makes it challenging to precisely measure vessel diameter at
a single x-y plane. To overcome this problem, we used a four-
dimensional (4D) (x-y-z-t) two-photon imaging protocol that
minimized the spatiotemporal variance of vessel positions during
the experiments, which included exposure to vasoactive drugs that
changed the diameter of the sample.

Novel findings suggest that precapillary sphincters and pericytes
on the first few branches of capillaries may produce larger and
faster vascular diameter responses than VSMCs on arteries and
arterioles (8, 9, 13-15). Pericyte loss results in disruption of NVC
(16), but it is unknown whether these findings can be generalized.
The present study examined this hypothesis. We investigated
endothelium-derived factors, because endothelial pathways are
involved in functional NVC (17), possibly via N-methyl-D-aspartate
receptors (18) and retrograde hyperpolarization via K;,2.1 channels
(19, 20) on capillary endothelial cells, as well as Caveolinl and nitric
oxide synthase (NOS) on arteriolar endothelial cells (4). We also
examined ATP-sensitive potassium (Karp) channels, which are
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highly enriched in pericytes and may contribute critically to
capillary flow regulation and NVC (21, 22).

Our first objective was to examine the involvement of acetyl-
choline (Ach), nitric oxide (NO), K51p channels, and endothelin-1
(ET1) signaling in regulation of blood flow in brain capillaries in
the resting state, during activity increases, and in cardiac arrest.
Our second objective was to identify whether the pericyte signaling
pathways involved in NO- or Ksrp-mediated relaxation and ET1-
induced constriction was the same as in VSMCs in order to confirm
similar second messenger pathways in VSMCs and pericytes. Our
findings suggest that vasoactive signaling molecules modulate
VSMCs, precapillary sphincters, and contractile pericytes of the
first order of capillaries with the same kinetics, but with the largest
diameter responses colocalizing with precapillary sphincters and
pericyte cell bodies at first-order capillaries. Modeling results
confirmed our experimental data and indicated that variations in
pericyte contraction at precapillary sphincters and first-order capil-
laries play a key role for NVC and for the regulation of brain mi-
crovascular resistance and flow in response to the most common
vascular signaling molecules.

Results

We used in vivo 4D (x-y—z-t) two-photon microscopy to examine
the regulation of microvascular flow in anesthetized NG2dsRed
mice (Fig. 1 A and B), which express a red fluorescent protein in
pericytes (in red, Fig. 1C) and in VSMCs (23). We identified a
precapillary sphincter at the joint of penetrating arteriole (PA)
and capillary, as well as its indentation morphology with thick
enwrapping of contractile mural cells (Fig. 1C). We defined capil-
laries by their branching order, with first order being the first
capillary branching from the PA, and so on (Fig. 1C). To minimize
focus drift of in vivo two-photon microscopy, we implemented fast
and repetitive 4D imaging (x—y—z-t). For every session, we recorded
a z-stack consisting of 10 to 14 images per second, including image
planes above and below the primary imaging plane. By this pro-
cedure, we could minimize deviations in the sample position be-
tween consecutive imaging sessions and improve the conditions for
dynamic in vivo studies in order to eliminate the influence of vessel
movements on diameter assessment. It is particularly a necessity to
study precapillary sphincters, which have a small diameter and short
length, and therefore are easily lost to focus changes during imaging
(SI Appendix, Fig. S2). Note that the temporal resolution was ap-
proximately one frame per second at any given imaging plane, and
our 4D imaging approach is not suitable for tracking fast brain
activities, e.g. neuronal signals. A glass micropipette was inserted
in proximity to the PAs, precapillary sphincters, and the first- to third-
order capillaries for local pressure ejection (puff) of vasoactive
compounds and for recording of local field potentials (Fig. 1 A-
C) (9, 24). Whisker pad (WP) stimulation was used for NVC
studies (8, 9, 15).

To examine pericyte responses to vasodilatory and contractile
signals, we imaged diameter changes of PAs, precapillary sphinc-
ters, and first- to third-order capillaries in vivo after local delivery of
vasodilator or vasoconstrictive compounds. We monitored diameter
changes rather than red blood cell velocity and flux because capil-
lary diameter changes reflect mainly local responses, while changes
in the local red blood cell velocity may reflect events occurring in
both up- and downstream segments of the microvascular bed (25).

Ach-Induced Vasodilation Is Mediated by NO Synthesis in Capillary
Endothelium. Pericytes engage in several types of surface contact
with capillary endothelial cells, including gap and adherens junc-
tions and peg—socket junctions (26). Besides, pericytes are within
diffusion range of endothelial-derived NO. This proximity of en-
dothelial cells and pericytes led us to examine the possibility of an
endothelial influence on the capillary diameter. First, we examined
the role of endothelial-derived NO for capillary vasodilation. For
this purpose, we recorded capillary diameter changes in response
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Fig. 1. Diagram of the in vivo experimental setup. (A) The physiological
state of the mouse was monitored throughout the experiment, including
arterial blood pressure, exhaled CO,, body temperature, heart rate, and O,
saturation. Vessel lumen dye FITC-dextran and anesthesia alpha-chloralose
were infused via a femoral vein catheter. Two stimulations are implemented:
WP stimulation and a microglass pipette inserted into the imaging area for
local ejection (puff). (B) The puffing micropipette is placed in proximity to
the arteriole—capillary site, containing 10 pM Alexa 594 and vasoactive
compound to visualize the pipette tip as red under the fluorescent micro-
scope. The 25x objective with a piezo motor is used to facilitate fast time-
lapse 3D imaging. (C) A representative two-photon image stack with dif-
ferent plane focusing on different vessel segments. We performed 4D im-
aging (x-y-z-t) to precisely focus and measure vessel diameters. The
temporal resolution was approximately one z-stack per second. (D) An av-
erage of two-photon image stack recorded at different depths, with red
indicating pericytes and green indicating the vessel lumen. Capillaries are
classified as the branching order from the PA, precapillary sphincter, first-
order capillary (1st cap), second-order capillary (2nd cap), and third-order
capillary (3rd cap). The dashed pink lines indicate the pipette tip. (Scale bar,
20 pm.) (Inset) An enlarged precapillary sphincter, showing its indentation
lumen and thick embracement of mural cells. (Scale bar, 10 um.)

to local puffing of Ach (25), which activates the constitutive endo-
thelial NO synthase (eNOS), causing NO release (27-29). Puffing of
2 mM Ach consistently induced vasodilation at PA, the precapillary
sphincter, and of capillaries with the largest diameter change at
precapillary sphincter. In comparison, intravenous (i.v.) bolus infusion
of the NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME) at
a dosage of 30 mg/kg blocked the response at PA, precapillary
sphincter, and first- and second-order capillaries (Fig. 2 A-C).
This result is consistent with NO’s being a main contributor to
Ach-induced VSMC and pericyte relaxation.

To investigate whether rises in NOS activity influence NVC,
we used an i.v. bolus injection of L-NAME and assessed the dila-
tion peak, half-peak duration evoked by WP stimulation. The NVC
responses remained unchanged in response to systemic L-NAME,
suggesting that NO under our stimulation conditions do not con-
tribute to NVC (Fig. 2 D-F). L-NAME also had no effect on re-
sponse amplitudes and latencies in WP-induced field excitatory
postsynaptic potential (fEPSP) and field inhibitory postsynaptic
potential (fIPSP) (SI Appendix, Fig. S3 A-C).

L-NAME instantly reduced the baseline diameter of PA, pre-
capillary sphincter, and first-order capillaries, suggesting that con-
stitutive NOS activity accounts for a large part of the basal vascular
tone. Precapillary sphincters instantaneously exhibited stronger
vasoconstriction than the PA and first-order capillaries (Fig. 2 G-I).
Note that the arterial blood pressure increased from 71 + 6 mmHg
to 112 + 25 mmHg immediately after i.v. administration of L-NAME
and remained elevated for at least 30 min. This indicates that
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Fig. 2. Ach-induced vasodilation is mediated by NOS. (A) An average-projected image from a local two-photon image stack with color-coded ROIs placed
across PA, precapillary sphincter (Sphinc), and first- to third-order capillaries. (Scale bar, 10 pm.) (B) Diameter change of the vessel segment at each ROl was
estimated (Materials and Methods). Representative traces of Ach-puff-induced vasodilation before and after i.v. bolus infusion of L-NAME, a nonspecific NOS
inhibitor. The ROIs and the trace colors are coded identically. Each trace is normalized to its mean prepuff value. (C) Comparison of relative diameter change
at PA, precapillary sphincter (Sphinc), and first- to third-order capillaries, induced by Ach puff before and after L-NAME. Before L-NAME: N =5, n = 10; after
L-NAME: N =5, n = 8. N denotes total number of animals; n denotes total number of vessels. (D) Representative traces of WP stimulation-induced vasodilation
before and after L-NAME. (E and F) Comparison of WP stimulation-induced vasodilation before and after L-NAME, with (E) dilation amplitude and (F) dilation
duration of half-peak. All three measurements show no significant difference. N = 5, n = 5. (G) An average-projected image from a local two-photon image
stack with PA and first- to third-order capillaries. (H) Mean traces of vessel diameter change from onset of L-NAME infusion until 3 min postinfusion. N = 5. (/)
Comparison of relative diameter change at PA, sphincter, and first- to third-order capillaries at 1 min and 3 min postinfusion of L-NAME. N =5, n = 5. Linear
mixed effect models were used, followed by Tukey post hoc tests. Data shown as mean + SEM. * indicates P < 0.05, ** indicates P < 0.001, *** indicates P <

0.0001. (Scale bar, 10 pm.)

constitutive NOS maintain the basal vascular tone of the PA, the
precapillary sphincter, and pericytes on first-order capillary and
that a basal NO level is essential for preservation of capillary
perfusion.

Vasodilation, Induced by the NO Donor SNAP, Is Mediated by ¢cGMP in
Capillary Pericytes. Slice experiments suggest that VSMCs on PAs
are sensitive to NO, while pericytes on capillaries are not (30). To
address this question directly, we puffed the NO donor S-nitroso-N-
acetyl-pL-penicillamine (SNAP, 5 mM) onto the PA, precapillary
sphincter, and first-third order capillaries and observed dilation of
all segments with the largest dilator response at the precapillary
sphincter (Fig. 3 A-C). This suggests that both VSMC on arterioles
and pericytes on capillaries relax when exposed to NO. The re-
ceptor for NO is the soluble guanylyl cyclase (sGC), which stimu-
lates formation of cyclic guanosine monophosphate (cGMP) that
triggers smooth muscle actin relaxation (31, 32). To examine
whether sGC activity in VSMC:s and pericytes mediated NO-induced
capillary dilation, we locally puffed SNAP before and after topical

Zambach et al.

Precapillary sphincters and pericytes at first-order capillaries as key regulators for brain

capillary perfusion

application of the specific sGC inhibitor (1H-[1,2,4]oxadiazolo-[4,
3-a]quinoxalin-1-one) (ODQ) at 0.5 mM. ODQ blunted the dilator
effect of SNAP in vivo (Fig. 3 A-C) and decreased pericyte calcium
in vitro (SI Appendix, Fig. S5), which supports the hypothesis that
c¢GMP mediates NO-induced VSMC and pericyte relaxation in brain.
Next, to examine whether cGMP participates in NVC, we com-
pared WP-induced vasodilation before and after blocking sGC with
ODQ. ODQ reduced the WP-induced vasodilator response for the
PA and all capillaries, most markedly for precapillary sphincters
and first-order capillaries (Fig. 3 D and E). The half-peak duration
was also shortened (Fig. 3F). In comparison, the evoked electrical
responses, fEPSP and fIPSP, remained unchanged (SI Appendix,
Fig. S3 D-F). These results imply that modulation of sGC activity
contributes to the NVC response amplitude and duration.

Pericyte Karp Channels Are Closed in Resting State and Open in Response
to Increased Brain Activity. K1p channels exist in almost all cell types
in the brain, including endothelial cells, VSMCs, neurons, and as-
trocytes. Recent findings have revealed that Katp channel expression
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Fig. 3. NO donor SNAP-induced vasodilation is mediated by cGMP in capillary pericytes. (A) An average-projected image from a local two-photon image
stack with PA, precapillary sphincter (Sphinc), and first- to third-order capillaries. (Scale bar, 10 pm.) (B) Representative traces of SNAP-puff-induced vaso-
dilation before and after topical application of cGMP inhibitor soluble guanylyl cyclase inhibitor (ODQ). (C) Comparison of relative diameter change at PA,
precapillary sphincter, and first- to third-order capillaries, induced by SNAP puff before and after ODQ. Before: N =7, n =7; after: N =6, n = 6. N denotes total
number of animals; n denotes total number of vessels. (D-F) Comparison of WP stimulation-induced vasodilation at PA, precapillary sphincter, and first- to
third-order capillaries before and after ODQ, with (D) representative traces of WP stimulation-induced vasodilation before and after topical application of

0DQ, (E) dilation amplitude, and (F) dilation duration of half-peak. Before: N =

7,n =17, after: N =6, n = 6. Linear mixed effect models were used, followed by

Tukey post hoc tests. Data shown as mean + SEM. * indicates P < 0.05, ** indicates P < 0.001, *** indicates P < 0.0001.

is several magnitudes higher in brain pericytes than in other cell
types (21, 22), particularly in pericytes without expression of a-smooth
muscle actin (aSMA) (11). This led us to examine whether peri-
cytes Katp channels were involved in the regulation of vasodilation.

Puffing of the Ko1p channel opener pinacidil at 5 mM evoked
dilation of PAs, precapillary sphincters, and capillaries, with the
largest responses at the precapillary sphincter and first-order cap-
illary (Fig. 4 A-C). This result suggested that Kap channels in
VSMCs and pericytes have the potential to adjust the arteriolar and
capillary diameters according to metabolic needs. In comparison,
puffing of the K5rp channel closer PNU37883 (PNU) at 2.5 mM
or sham cerebrospinal fluid caused no significant vessel diameter
change (Fig. 4 B and G), suggesting that vascular K5rp channels
are closed in the resting state. Topical application of 0.5 mM PNU
abolished the vasodilator effect of pinacidil (Fig. 4 A-C), consistent
with specificity of pinacidil for Katp channels.

To examine whether K, rp channels were involved in NVC, we
compared WP-induced vasodilation before and after topical appli-
cation of 0.5 mM PNU (Fig. 4 D-F). This reduced the WP-induced
vasodilator response amplitude (Fig. 4 D and E) and the half-peak
dilation duration for PA and first- to third-order capillaries (Fig. 4F).
These data suggested that K5 rp channels may maintain and prolong
WP stimulation-induced vasodilation at the level of the PA, the
precapillary sphincter, and first- to third-order capillaries.

To assess where in the dynamic spectrum of dilation pinacidil,
Ach, and SNAP exerted their action, we compared their vasodilator
responses with WP-induced vasodilation and the vascular effects of
local puffing of papaverine. Papaverine relaxes VSMC by inhibiting
breakdown of cGMP (33) and blocking voltage-gated calcium chan-
nels (34). The response to papaverine is commonly used to document
preservation of VSMC function (25). Local puffing of 10 mM pa-
paverine and WP stimulation triggered dilation of the PA, precapil-
lary sphincter, and first- to third-order capillaries that was comparable
to the effect of pinacidil, Ach, and SNAP, in both relative diameter
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change (Fig. 4G) and absolute change (SI Appendix, Fig. S4).
This result suggested that pinacidil, Ach, and SNAP were appro-
priate for studies of vasodilator mechanisms in the PA and dilated
capillaries within a physiological range.

Neither pinacidil nor PNU affected fEPSP and fIPSP responses
evoked by WP stimulation (SI Appendix, Fig. S3 G-L). To rule out
the possibility that calcium fluctuations in neurons and astrocytes
participated in pinacidil-induced vasodilation, we examined the
neuronal and astrocytic calcium responses by local bulk loading
of Oregon Green BAPTA-1/AM and sulforhodamine 101 (35, 36).
Pinacidil at 5 mM had no effect on neuronal or astrocytic calcium
(SI Appendix, Fig. S6). This suggested that it is unlikely that
neurons or astrocytes mediate the pinacidil response, i.e., Katp
channel-mediated vasodilation.

To characterize the mechanism by which Katp channels may
affect pericytes, we used in vitro experiments with pericyte mono-
cultures from bovine brain. The in vitro data suggested that Karp
channels mediate vasodilation by L-type Ca®* channels in pericytes
(8I Appendix, Fig. ST).

ET1-Induced Vasoconstriction Colocalizes with Contraction of Pericyte
Somas. The potent endogenous vasoconstrictor ET1 is mainly syn-
thesized in endothelial cells (37). ET1 expression increases in is-
chemia and contributes to impaired microvascular reperfusion (38,
39). We examined vascular responses to local puffing of ET1 on
the PA, precapillary sphincter, and first- to third-order capillaries
in vivo and in vitro. In vivo puffing of 0.5 pM ET1 instantly trig-
gered strong vasoconstriction (Fig. 5 A and B). The constriction
was long-lasting (>9 min; Fig. 5 B and F), and the most severely
constricted regions of interest (ROIs) colocalized with the pre-
capillary sphincter and pericyte somas (magenta and cyan lines) at
first-order capillaries. Thus, both VSMCs on arterioles and peri-
cytes on capillaries responded to ET1, with largest responses at
precapillary sphincters in relative diameter terms and at PA and
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Fig. 4. Karp channels enhance and prolong WP stimulation-induced vasodilation. (A) An average-projected image from a local two-photon image stack with
color-coded ROIs placed across at PA, precapillary sphincter (Sphinc), and first- to third-order capillaries, respectively. (Scale bar, 10 um.) (B) Representative
traces of Katp channel opener pinacidil puff-induced vasodilation before and after Katp channel closer PNU, as well as a trace of vascular diameter following
PNU puff. (C) Comparison of peak diameter change in percentage. Before: N =9, n = 15; after: N = 5, n = 8. N denotes total number of animals; n denotes
total number of vessels. (D) Representative traces of WP stimulation-induced vasodilation before and after topical application of PNU. (E and F) Comparison
of vasodilation curves before and after topical application of PNU. (E) Peak diameter change in percentage. Before: N =5, n = 14; after: N =7, n = 16. (F)
Dilation duration between the half-peaks. (G) The dilation amplitudes of vessel diameter change induced by control puffing (N = 5), WP stimulation (N = 8),
puffing of Ach (N = 5), NO donor SNAP (N = 7), pinacidil (N = 9), and papaverine (N = 8). Linear mixed effect models were used, followed by Tukey post hoc

tests. Data shown as mean + SEM. * indicates P < 0.05, ** indicates P < 0.001, *** indicates P < 0.0001.

precapillary sphincters in absolute diameter terms (Fig. SF and
SI Appendix, Fig. S4). Furthermore, preconditioning with the
endothelin receptor type A antagonist BQ123 at a concentration
of 0.5 mM abolished ET1-induced vasoconstriction (Fig. 5 C, D,
and F).

Next, we asked whether ROIs with the strongest vasoconstriction
also responded most strongly to vasodilator stimuli and whether
this pattern of high reactivity colocalized with pericyte cell bodies.
We classified the ROIs as being with or without pericyte somas but
could not visualize pericyte processes because of limitations of
the two-photon microscope. For both dilation and constriction, pre-
capillary sphincters and first- and second-order capillaries with peri-
cyte somas showed stronger reactivity to ET1 than segments without
pericyte cell bodies (Fig. 5 B, E, and G), indicating an active role of
pericytes in ET1-induced vasoconstriction. Finally, ET1 receptors did
not contribute to WP stimulation-induced fEPSP and fIPSP response
amplitudes (SI Appendix, Fig. S3 M-O) or vascular dilation amplitude
and duration (SI Appendix, Fig. S8), suggesting that ET1 do not
modulate NVC under normal conditions.
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To assess the process of ET1-induced vasoconstriction, we ex-
amined changes in Ca®* and pericyte area at cultured bovine per-
icytes. Opening of Ca®* channels by IP5 is assumed to be the second
messenger of the ET-1 induced vasoconstriction, but whether this is
the mechanism in brain pericytes is unknown. IP; is rapidly degraded
to IP, and then IP;. We measured an ET1 dose-dependent increase
in IPy, inhibitable by BQ123 (SI Appendix, Fig. S9) (40, 41). Our data
suggested that IP; mediates ET1-induced pericyte constriction.

ET1 Receptor Blockers Mitigate Pericyte Contractions after Ischemia.
Global ischemia is accompanied by vascular constriction within
minutes, and the conventional understanding of this reaction is
related to the release of vasoconstrictors from the ischemic brain.
Endothelial cells may release a vasoconstrictor, as they are loaded
with mitochondria and assumed to be sensitive to lack of oxygen
(42). VSMCs on PAs, precapillary sphincters, and pericytes at
the first- and second-order capillaries contracted instantly during
the first 5 min after cardiac arrest (Fig. 6 A, Upper). Capillaries
with visible pericyte somas exhibited stronger constriction than
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Fig. 5.
image stack. (Upper) Resting state. (Lower) Nine minutes after puff. (Scale bar,

ET1 induces pericyte contraction. (A) Representative images of 0.0005 mM ET1-puff-induced vasoconstriction. Each image is averaged from a local

20 um.) (B) Normalized diameter changes over time at each color-coded ROl in

A. (C) Representative image of ET1 puff after topical application of 0.5 mM BQ123 (ET1 receptor antagonist) for 45 min. (D) Normalized diameter changes

over time at each color-coded ROl in C. (E) Vasodilation curves induced by WP

stimulation at the same ROIs with A before ET1 puff. (F) Comparison of mean

diameter change at 1 and 9 min after ET1 puff with or without BQ123. Without BQ123: N = 5, n = 6; with BQ123: N = 6, n = 11. N denotes total number of

animals; n denotes total number of vessels. (G) Coregistration of ET1-induced

vasoconstriction and WP stimulation-induced vasodilation at the same vessel

segments (ROIs). The ROIs are classified as PA (red), precapillary sphincter (magenta), first- (blue), second- (green), and third- (yellow) order capillaries, and
colocalization with pericyte soma (ps+) or without (ps—). Each dot represents an individual ROI. Error bars denote the mean + SEM for the same color-coded
ROI type. Linear mixed effect models were used, followed by Tukey post hoc tests. * indicates P < 0.05, ** indicates P < 0.001, *** indicates P < 0.0001. (Scale

bar, 10 pm.)

capillaries lacking pericyte somas (Fig. 6B). The vascular pattern
of ischemia-induced vasoconstriction was like that induced by
ET1. This finding led us to examine whether ET1 receptors were
involved. For this purpose, we topically applied to the cortex the
selective ET type A-receptor antagonist BQ123 (0.5 mM) for 45 min
before cardiac arrest. BQ123 mitigated the pericyte contraction in
global ischemia (Fig. 6 A, Lower). The mitigation was colocalized
with pericyte somas at the PA, precapillary sphincter, and first-
and second-order capillaries (Fig. 6B). The result may imply a
role for ET1 in pericyte-associated capillary constriction in global
ischemia (43).

Precapillary Sphincters Are the Key Gatekeepers of Capillary Blood
Flow and Pressure. Throughout our experiments we noted that the
strongest microvascular responses occurred at the precapillary
sphincters and first-order capillaries. To assess the possible impli-
cations of this finding we developed a mathematical model based
on reconstruction of a real cerebrovascular network encompassing a
PA, precapillary sphincter, and capillaries up to the sixth branching
order and a penetrating venule (Fig. 7 A and D). The model as-
sumed that flow resistances were consistent with Poiseuille’s law
(details in SI Appendix and Materials and Methods). This setup
allowed us to calculate blood flow and pressure using Kirchoff’s
second law (Fig. 7 A, Inset depicts first proximal branching of the
PA and associated downstream capillaries). Upon stimulation, we
applied the observed diameter change in vessel segments in this
study. By WP stimulation and ET1 puff, we assessed how blood flow
changes correlated with relative diameter changes if individual
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vessel segment is disallowed from dilation/constriction. Disabling
diameter change of precapillary sphincters effectively reduced the
flow change by WP stimulation (Fig. 7B, dashed box) and ET1
puft (Fig. 7C, dashed box). Our result suggested that precapillary
sphincters gate blood flow under conditions of activation and that
precapillary sphincters are a key location to rescue in pathological
conditions.

We next compared the pressure distribution in the network model
under resting conditions (Fig. 7 D-F). The average pressures in the
capillaries at rest (summarized in Fig. 7F) suggest that the pre-
capillary sphincters must withstand more pressure than both down-
stream capillaries and the PA. During both WP stimulation and ET1
puff the precapillary sphincters exhibit the smallest pressure changes
(Fig. 7F), indicating its active role to counteract local pressure fluc-
tuation. The ability of the precapillary sphincters to produce the
strongest capillary flow changes and maintain local blood pressure is
expected to be matched by a large contractile capacity of precapillary
sphincters. Therefore, using immunohistochemistry, we stained for
aSMA, a central contractile component in vascular mural cells, to
assess the relative expression in capillary pericytes and identified the
strongest aSMA expression at the precapillary sphincters (Fig. 7 G
and H). This finding is consistent with both the calculated pressure
distribution and the observed flow changes of different capillary
segments. Very low levels of aSMA were observed in third- or
higher-order capillaries, consistent with these capillaries’ having
limited control over capillary blood flow.

Finally, we plotted the normalized pressure during WP stim-
ulation against the normalized ®SMA expression as a proxy for
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Fig. 6. Pericyte contractions after ischemia are mediated by endothelin
receptors. (A) Representative time-lapse images of PA, precapillary sphinc-
ter, and first- to third-order capillaries under cardiac arrest induced by i.v.
bolus infusion of pentobarbital. (Upper) Normal cardiac arrest. (Lower)
Precondition of BQ123, which mitigated ischemia-induced pericyte con-
striction. (Scale bar, 20 pm.) (B) Summary of diameter change at PA, pre-
capillary sphincter (Sphinc), and first- to third-order capillaries colocalized
with pericyte somas or without, upon cardiac arrest with or without BQ123
precondition. ps— and ps+ denote without and with pericyte soma, respec-
tively. Without BQ123: N = 6, n = 9; with BQ123: N = 5, n = 10. N denotes
total number of animals; n denotes total number of vessels. Linear mixed
effect models were used, followed by Tukey post hoc tests. Data shown as
mean + SEM. * indicates P < 0.05, ** indicates P < 0.001, *** indicates
P < 0.0001.

force-generating ability (Fig. 7I). The pressure consistently cor-
related to the level of SMA detected in pericytes across capillary
orders and was highest in precapillary sphincters, indicating that
the precapillary sphincter has the highest contractile capacity of
all microvessels and that this vascular segment is the key regu-
lator of capillary blood flow under physiological conditions.

Discussion
We measured neural activity and vascular dynamics by in vivo two-
photon microscopy to identify generic mechanisms underlying
capillary blood flow regulation. We used 4D two-photon micros-
copy imaging to avoid out-of-focus challenges that are inherent to
an experimental design that aims to study small movements of blood
vessels in a brain that produce small movements due to the cardiac
cycle and respiration. Our approach provided exceptional opportu-
nities for 3D, spatiotemporal resolution of microvascular reactivity.
Our study shows that 1) capillary blood flow is regulated pri-
marily by precapillary sphincters and pericytes at first-order capil-
laries as a result of higher expression of xSMA than at downstream
capillaries; 2) capillary endothelial cells contribute to arteriolar and
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capillary vascular tone via the NO-cGMP pathway; 3) activation
of Katp channels produces vasodilation mainly of precapillary
sphincters and enhances and prolongs the NVC response; and 4) the
mechanism underlying activation of Ktp channels is associated with
closing of L-type Ca** channels at pericyte membranes. Further-
more, we show that 5) ET1-induced pericyte contraction occurred at
the pericyte soma, via IP; signaling and 6) ET1 contributes to the
constriction observed following cardiac arrest. In summary, we re-
port stimulation-induced rises in blood flow, i.e., NVC, and vascular
responses to a suite of vasoactive molecules that dilate both PAs and
brain capillaries.

In this study we mainly focused on contractile mural cells located
at arterioles and their initial branches of capillaries. Although the
examined first- to third-order capillaries are likely covered by
ensheathing pericytes (S Appendix, Fig. S1) (44), there is no staining
of aSMA in NG2DsRed mice and therefore it is impossible to se-
curely determine pericyte subtypes. Thus, we used the unbiased,
unambiguous vascular branch order to identify pericytes. Pericytes
without expression of aSMA («SMA-) locate at higher-order
capillaries, where functional vasodilation is preceded by pericytes
at the first few order capillaries with expression of xSMA (aSMA+)
(44, 45). However, this does not rule out the contribution of xSMA
pericytes for basal capillary flow resistance (44, 46), as well as their
involvement of sensing local activity and conveying them retrograde
to upstream arterioles that induce vasodilation (20).

In big arteries and arterioles the NO/cGMP signaling cascade
mediates endothelium-dependent relaxation of smooth muscle
cells (47). Here, we demonstrate that the NO/cGMP pathway is a
signaling pathway from endothelium to pericytes in brain capil-
laries; however, we did not confirm a primary involvement of the
pathway in NVC. These results are consistent with studies in rats
(48, 49) and some results obtained in mice (4), but other mouse
studies have shown that NVC may be curtailed by L-NAME in-
fusion in wild-type and eNOS knockout mice (50). The discrepancy
could trace to different species or strains (rats versus mice and
different mouse strains) or locations (capillaries in our study versus
previous reports on artery/arterioles).

The NO-cGMP pathway modulates rather than mediates NVC
in the somatosensory cortex (51). Therefore, the absence of an
L-NAME effect may be consistent with a greater relevance of other
modulators. In comparison, blocking cGMP synthesis with ODQ
led to a decrease of the NVC dilation response and duration (52).
This result could suggest that NO is not the only activator of the
sGC. Alternatively, CO is also able to activate sGC and a potential
mediator of NVC (53, 54). Furthermore, L-NAME is expected to
penetrate the blood-brain barrier along paracellular pathways and
inhibit NOS in interneurons (28, 55-57). However, no studies so
far have separated NOS in nerve cells and endothelial cells when
assessing the effect of L-NAME on crude brain extracts (57, 58). In
our current study, L-NAME did not affect NVC, but both subtypes
of NOS (endothelial NOS and neuronal NOS) may contribute to
maintain the basal vascular tone. L.v. L-NAME blocked the vaso-
dilation induced by Ach, which is the commonly used molecule to
assess endothelial-VSMC interaction by rises in constitutive
eNOS activity.

NOS activity differs among brain regions; it is high in the cere-
bellum and low in the cerebral cortex (59). In brain slice experi-
ments it was shown that upon glutamate superfusion (a proxy for
functional stimulation) cerebellar capillary dilation is mediated by
pericytes and is NO-dependent (8). However, ODQ does not
inhibit the NO-dependent capillary diameter increase caused by
glutamate, indicating that NO does not act by raising [cGMP] in
the pericytes in cerebellum (8). In contrast, cerebral cortical cap-
illary dilation induced by neuronal activation evoked by direct
cortical electrical stimulation is not affected by NO-synthase inhi-
bition, implying that NO does not contribute to capillary dilation in
cerebral cortex (30). These results demonstrate that there might
be differences in signaling mechanisms of the NVC among brain
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Fig. 7. Precapillary sphincters are the key gatekeepers of capillary blood flow. (A) Mathematical modeling of flow distribution in a reconstructed cere-
brovascular tree containing one PA and venule (Materials and Methods), under resting conditions. (B) Summary of calculated average blood flows among all
PA, precapillary sphincter (Sphinc), and first- to third-order capillary segments in the network before (Rest) and during WP stimulation. The groups labeled
with “wo” denote calculations of WP stimulations in which either the PA, precapillary sphincter, and first- to third-order capillary segments were disallowed
from dilating. Note the precapillary sphincter has the strongest influence on network flows, as shown in the dashed box. (C) Summary of calculated blood
flows in the vessel segments before (Rest) and during ET1 puff. Similar to B, calculations of the puff where segments were disallowed from constricting are
shown in the “wo”-labeled groups. A.U., arbitrary units. (D) Mathematical modeling of pressure distribution in the resting state. Inlet pressure into the PA
was set to 25 mmHg, whereas all outlet pressures were set to 5 mmHg. (E) Summary of the average pressures in PA, precapillary sphincter, and first- to third-
order capillaries in the network normalized to the average pressure in the PA. (F) Normalized pressure change at PA, precapillary sphincter, and first- to third-
order capillaries by dilation or constriction. (G) Representative image of mural cells (red) and «SMA (green) staining among the PA (red inset), precapillary
sphincter (magenta inset), first-order capillaries (blue inset), second-order capillaries (green insert), and third-order capillaries (orange inset); see insets for
enlargements. (H) Summarized intensity of aSMA in pericytes on precapillary sphincter and first-, second-, or third-order capillaries normalized to the intensity
from aSMA intensity on the PA. Note that aSMA is significantly more expressed in precapillary sphincters than PA and first- to third-order capillaries, whereas
all first- to third-order capillaries contained less xSMA than PA. Individual vessel segments are compared to all other vessel segments, and the highest P value
is illustrated. N = 3, n = 31. N denotes total number of animals; n denotes total number of vessels. Linear mixed effect models were used, followed by Tukey
post hoc tests. Data shown as mean + SEM. (/) Relationship between normalized pressure and normalized «SMA density at peak dilation upon WP stimulation.
* indicates P < 0.05, ** indicates P < 0.001, *** indicates P < 0.0001.

regions. Our in vivo results are at variance with some of these find-
ings; these differences may be caused by differences in stimulation
protocols, different preparations (in vivo versus in vitro), differ-
ences in studied brain location, or different breeds or species of
experimental animals.

KaTp channels exist in almost all cell types in the brain and abound
in brain pericytes (21, 22). Moreover, single-cell transcriptomic data
showed that Karp channel gene expression (kcnj8 and abec9) is much
higher in aSMA-capillary pericytes, compared with «SMA+ mural
cells (11). Although pinacidil puffing may possibly induce a direct
local pericyte relaxation, it is also likely that our observation of
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pinacidil-induced vasodilation was caused by hyperpolarization
of higher-order capillary pericytes and retrograde conduction of
the dilatory signal along the capillaries. K5 tp channels are sensitive
to CBF and parenchymal oxygen partial pressure (60) and may be
neuroprotective during ischemia and hypoxia (61). Pericyte Katp
channels on freshly isolated retinal microvessels open in response
to adenosine receptor activation (62), and in the retina most Karp
channel-generated currents are in mural cells of capillaries (63).
Our findings suggest that Karp channels in pericytes enhance
and prolong the vasodilator response to increases in brain activity.
Similar to VSMGCs, the signaling pathway involves potassium outflow
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and membrane hyperpolarization, which inactivates L-type Ca**
channels and leads to vasodilation through reduced intracellular
Ca®* (64). Further, functional pericyte L-type Ca®* channels, in
regard to pericyte Ca®* signaling and constriction, were recently
demonstrated in retinal preparations (65).

The potent endogenous vasoconstrictor endothelin is synthe-
sized in endothelial cells, and in brain the endothelin type A
receptor is only expressed in vascular mural cells (37). Mural cell
endothelin type A receptors are activated by paracrine endothelin
signaling, and the basal vascular tone and blood pressure are de-
termined to some extent by the balance between secreted NO and
endothelin (66). Numerous pathological factors stimulate endo-
thelial cells to produce endothelin, e.g., inflammation, ischemia,
and reactive oxygen species (37, 67). In comparison, NO, PGE,,
and PGI, suppress the translation and secretion of endothelin (68,
69). Therefore, our results of ET1-mediated vascular constriction is
mainly relevant for brain pathology.

Fluctuations in intracellular calcium activity of pericytes reg-
ulate contractility and the capillary diameter (45), but in the pre-
sent work we examined several vasodilators and constrictors that
were expected to modulate additional intracellular messenger mole-
cules. Therefore, we decided to carry out a series of in vitro experi-
ments using cultured pericytes in parallel to the in vivo experiments to
identify second messengers that change in response to application of
vasoactive substances while at the same time we recorded peri-
cyte contraction or relaxation reflecting their content of aSMA.
Our in vitro data suggest that Katp channels mediate vasodilation
by L-type Ca** channels in pericytes, and ET1 channels mediate
vasoconstriction via IP; in pericytes. Our results are supported by a
recent pericyte Ca®* imaging study in retinal preparation that
showed increases in pericyte Ca®* upon administration of mem-
brane permeable IP; analog Bt-IP; (65).

In the last part of our study we asked why the precapillary
sphincters generated the largest response to both systemic infusion
of L-NAME, neurotransmitter-mediated signaling, and vasoactive
molecules (pinacidil, papaverine, Ach, SNAP, and ET1). This led
us to hypothesize that intrinsic properties of precapillary sphinc-
ters were particularly important for their reactivity. We show that
aSMA expression at precapillary sphincters was more abundant
than at VSMCs at the PA, as well as more abundant than pericytes
at first- to third-order capillaries. This pattern of xSMA expression
fits with the modeled pressure profile among vessel segments. The
arterial pressure head in the systole is strong at the PA, which must
be able to produce a great force in order to maintain a near-
constant perfusion pressure. Indeed, the pressure distribution in a
reconstructed vascular network matched aSMA expression (Fig. 7).
The model also assessed how blood flow may be distributed among
the PA, precapillary sphincters, and first-, second-, and third-order
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capillaries with diameter changes of each vessel segment. During
both vasodilation and vasoconstriction capillary blood flow changes
are dramatically blunt if disabling precapillary sphincter diameter
change. In comparison, diameter changes in second- or higher-order
capillaries are mainly passive and of little consequence for capillary
flow. Our data agree with previous studies that detected aSMA in
pericytes up to the third to fourth order of capillaries and with the
notion that pericyte regulation of capillaries is mechanistically re-
lated to ®SMA contraction and relaxation (10).

In summary, our 4D two-photon imaging data provide mech-
anistic insight to the integrated vascular function that regulates
brain capillary blood flow. Our results reveal a key role for
precapillary sphincters and pericytes at first-order capillaries for
blood flow control, which may have translational implications for
a better understanding of cerebrovascular and neurodegenera-
tive disorders and functional neuroimaging.

Materials and Methods

In vivo 4D (x-y-z-t) two-photon microscopy was used to image the so-
matosensory cortex of anesthetized NG2dsRed mice (Fig. 1 A and B), which
express a red fluorescent protein in pericytes (Fig. 1C) and in VSMCs. FITC-
dextran was applied i.v. to stain the vessel lumen green. WP stimulation was
used to activate the somatosensory cortex and elicit functional hyperemia.
Borosilicate glass micropipettes with a resistance of 3 to 3.5 MQ were loaded
with a mixture of vasoactive substances and 10 uM Alexa 594 for local
pressure ejection (puff) of vasoactive compounds and for recording of local
field potentials (Fig. 1 A-C). All data are presented as means + SEM. N de-
notes total number of animals; n denotes total number of vasculatures.
Statistical analysis of a linear mixed-effects model followed by Tukey post
hoc tests was used for the in vivo dataset. A detailed description of the
materials and methods is provided in S/ Appendix. The data that support the
findings of this study are provided as source data files. All procedures were
approved by the Danish National Ethics Committee according to the
guidelines set forth in the European Council’s Convention for the Protection
of Vertebrate Animals used for Experimental and Other Scientific Purposes
and are in compliance with the ARRIVE guidelines.

Data Availability. Excel data have been deposited in G-Node (DOI: 10.12751/g-
node.vi9c1i).
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